DNA barcoding has been evaluated for many animal taxa and is now advocated as a reliable and rapid means for species-level identification. The coming-to-light of this identification tool is timely as we are now facing perhaps the greatest rate of species loss in recent millennia. This study contributes to an ever-increasing number of published accounts of DNA barcoding successfully and accurately distinguishing animal taxa, in this instance, the bee fauna of Nova Scotia, Canada. Most members of this well-known fauna were resolved with particular clarity; the average intraspecific divergence was less than 0.5%, and COI sequences from over 75% of the province's species are now in the Barcodes of Life Data System. DNA barcoding also revealed some surprises within this fauna, including the possible recognition of two undescribed genetically unique species, one in the genus Ceratina (subgenus Zadontomerus), the second in the genus Andrena (subgenus Larandrena); both are presently receiving further taxonomic study. In addition, DNA barcoding has allowed sex-associations among two pairs of cleptoparasitic species. The resulting utility of DNA barcoding for ecological studies of bee communities is discussed.
important groups of organisms due to their role as pollinators in both natural and managed terrestrial ecosystems (Michener 2007) . This vital service provided by bees and other pollinating insects spans over 100 million years, their contributions having shaped modern terrestrial environments by facilitating plant reproduction (Grimaldi & Engel 2005; Novacek 2007 ). Bees, the most important pollinators (Kevan & Baker 1983) , are a diverse taxa with estimates of 20 000-30 000 species worldwide (Michener 2007) ; the most recent account includes 19 261 valid names (Ascher et al.; http://www.discoverlife.org; accessed 19 September 2008) . Bees are also behaviourally diverse, with several lifestyles (e.g. pollen vs. cleptoparasitic/social parasitic bees), nesting habits, and a range of sociality not seen in any other group of organisms (Wilson 1971; Michener 1974 Michener , 2007 .
Bees have become the focus of much attention in recent years for various reasons, not the least of which is their importance in pollination and the recognition that this keystone process is under stress globally (Buchmann & Nabhan 1996; Matheson et al. 1996; Stubbs & Drummond 2001; Biesmeijer et al. 2006 ; Committee on the Status of Pollinators 2007). In addition, some attributes of bees have recently been recognized as making them even more extinction-prone; because of their haplodiploid sexdetermining mechanism (reviewed by Heimpel & de Boer 2008) , small populations, whether naturally limited or reduced through anthropogenic activities, may be particularly at risk due to diploid male production . The frailty of populations of several bee species is also linked to food plant specialization Zayed & Packer 2007) , or for some cleptoparasitic species, specialized hosts (Sheffield et al. 2004) . As such, bees may be among the most extinction-prone of all organisms, and bee communities may prove to be revealing indicators of environmental stress (Kevan et al. 1997; Kevan 1999) .
Studies of bee communities within specific ecosystems have previously been recognized as having utility in environmental assessments; in Canada for instance, Kevan et al. (1997) studied species abundance patterns to assess the effects of environmental stress via insecticides. However, one of the main problems preventing bees (and many other insect taxa) from being used in diversity-based ecological studies is taxonomy-based (Weeks et al. 1999) . To implement such studies, being able to accurately separate distinct taxonomic units (i.e. morphospecies) or identify the actual species involved is required (Gotelli 2004) ; but for bees, taxonomic knowledge for many groups is incomplete for various reasons. For instance, Sheffield & Westby (2007) reported that over 30% of the species of North American Megachile Latreille, one of the most important groups of pollinators for summer flowering plants, are known from one sex. In less-studied and/or more diverse faunas, the proportion is undoubtedly much higher.
These taxonomic impediments thus affect many community studies (Gotelli 2004; Bortolus 2008) , and ecologists have often wished for ways to circumvent these issues as most lack the expertise to handle the required alphataxonomy reliably. Although there are taxonomists who specialize on specific groups of insects, many seldom have the time to identify what may be considered 'routine' material. As correctly pointed out by Will & Rubinoff (2004) , taxonomy and systematics provide valuable information to many biological disciplines, but are not necessarily providers of 'identification' services. This only stresses the point -the inability to recognize individual species in a timely fashion is a large 'service' gap which has huge implications on basic community studies, especially if one hopes to use such data for inquiries of biodiversity, conservation, and ecosystem assessment.
In recognition of this problem, prototype semi-automated systems for specimen identification have been tested to help alleviate the difficulties faced by ecologists. Semiautomated systems are typically built around a database populated by material (i.e. linked to a species) identified by taxonomists, and it is through comparing unknown taxa to identified material within the database (normally with a probability of accuracy) by which identifications are made (see Ratnasingham & Hebert 2007) . Two such systems for bee identification, the Digital Automated Identification System (DAISY) (Weeks et al. 1999) and Automated Bee Identification (Schröder et al. 2002) are based on imageanalyses, the latter specifically utilizing wing venation patterns.
Genetic-based systems, primarily DNA barcoding [using cytochrome c oxidase I (cox1 or COI) as per Hebert et al. 2003a, b] are now advocated as an accurate approach for identification of the world's biota (Waugh 2007) . To facilitate DNA barcoding at this largest of scales, the Barcode of Life Data System (BOLD) has been developed to manage and provide analytical tools for large amounts of data (Ratnasingham & Hebert 2007) . In addition to providing accurate species-level identification, DNA barcoding has also shown great promise in assessing and understanding the extent of diversity in groups that have proven difficult by classical taxonomic techniques (Köhler 2007 ) through recognition of molecular operational taxonomic units (Floyd et al. 2002; Blaxter 2004; Smith et al. 2005) . DNA barcoding has great implications for taxonomy, yet, perhaps one of the greatest promises is in studies of biological diversity within regional and poorly studied habitat-specific biotas (e.g. Smith et al. 2005) .
The primary objectives of this study were to evaluate the performance of DNA barcoding to accurately distinguish bee species within a well-known fauna -that of Nova Scotia, Canada (Sheffield et al. 2003 (Sheffield et al. , 2004 (Sheffield et al. , 2008 , and to demonstrate that DNA barcoding helps resolve difficult issues in bee taxonomy and therefore can be a great tool in ecological studies.
Materials and methods

Study site and collection of specimens
The 629 specimens used in this study were collected by various means (i.e. netted, yellow pan-traps, Malaise traps, trap-nests) between 1999-2007 during surveys of the bee fauna throughout Nova Scotia (Sheffield et al. 2003 (Sheffield et al. , 2004 (Sheffield et al. , 2008 , pinned and identified to species level using appropriate taxonomic literature (see Sheffield et al. 2003) . All specimens, including the barcoded vouchers, are retained at the Packer Bee Collection, York University, ON, Canada. Collection information, photographs and other specimen details required (see Ratnasingham & Hebert 2007) are available in the project file 'Bees of Nova Scotia' in the Completed Projects section of the BOLD website (www.barcodinglife.org).
Tissue sampling and molecular protocols
Tissue samples (i.e. a single middle leg) from pinned specimens were removed and examined to ascertain the patterns of COI divergences among species. Whenever possible, we analysed multiple individuals of a species to quantify the extent of intraspecific sequence divergence; these specimens were obtained from several separated localities in Nova Scotia. Prior to 2005, DNA extracts were prepared using the GenElute DNA miniprep Kit (Sigma), following the manufacturer's protocols. DNA extracts were resuspended in 10 μL of H 2 O, and the 5′ region of the COI gene was amplified using the LepFl and LepRI primers whose sequences are 5′-ATTCAACCAATCAT-AAAGATAT-3′, and 5′-TAAACTTCTGGATGTCCAAAAA-3′, respectively. The 50 μL polymerase chain reaction (PCR) mixes included 40 μL of ultrapure water, 1U of Taq polymerase, 2.5 μL MgC1 2 , 4.5 μL 10× PCR buffer, 0.5 μL of each primer (0.1 mm), 0.25 μL of each dNTP (0.05 mm), and 0.5-3.0 μL of DNA. Amplification was carried out using a thermal regime consisting of 1 min at 94°C followed by five cycles of 1 min at 94°C, 1.5 min at 45°C, 1.5 min at 72°C, followed by 30 cycles of 1 min at 4°C, 1.5 min at 51°C, 1.5 min at 72°C, and a final 5 min at 72°C. PCR products were visualized in a 1.2% agarose gel. All PCRs that generated a single product were then cycle-sequenced, while gel purification was used to recover the target gene product in cases where more than one band was present. Sequencing reactions, which were carried out using BigDye version 3.1 and the LepF1 primer, were analysed on an ABI 377 sequencer. For variations in this protocol associated with fully automated procedures used post-2004, see Hajibabaei et al. (2005) and Smith et al. (2005) . The electropherogram and sequence for each specimen are available in the 'Bees of Nova Scotia' project file of BOLD. In addition, all sequences obtained in this study have been deposited in GenBank (Accession nos FJ581961-FJ582507).
Data analyses
Regression analysis (using Minitab Release 13 software, Pennsylvania State College) was used to look at the relationship between both 'year of collection' and 'age of specimen' vs. the sequence length (bp). Sequence divergences among individuals with COI sequences > 400 bp were determined using the Kimura 2-parameter (K2P) distance model (Kimura 1980) . Mean divergences were subsequently calculated for both conspecific individuals (when available) and for congeneric taxa. As well, a neighbour-joining (NJ) tree based on K2P distances was built using the 'Taxon ID tree' function of BOLD to provide a graphic representation of the patterning of divergences among species (Saitou & Nei 1987) . Sequence data were then downloaded from BOLD for further analyses. mega version 4 (Tamura et al. 2007 ) was used for sequence alignment and then to build compressed trees using the neighbour-joining algorithm with the K2P model, with pairwise deletion of missing data, and the inclusion of all codon positions and substitution types (as used in the BOLD analytical module). Branch support was assessed by bootstrapping with 500 replicates.
In addition, the strength of cohesion at varied taxonomic levels was quantified using the 'Nearest-Neighbour module' on BOLD. This module examines the strength of association among lineages at each level in the taxonomic hierarchy based on COI sequence similarity. The key level of analysis in this study, that examining the strength of association among conspecific individuals, involved identification of the closest COI sequence match for each individual belonging to a species represented by more than one individual in the database. In addition, cohesion at the generic level was examined by identifying the nearest neighbour for each species belonging to a genus that was represented in the database by more than one species. The results at each level of the taxonomic hierarchy are reported as the percentage of cases in which expected associations based on current taxonomy were recovered (i.e. at a species level, the percentage of individuals whose closest sequence match was to another member of its species).
Results
PCR products were generated for 547 of 629 specimens, 414 of these with sequence lengths over 500 bp (i.e. the barcode standard minimum; Ratnasingham & Hebert 2007) (Fig. 1 ) and representing 144 species (approximately three-fourths of the known bee fauna of Nova Scotia; see Sheffield et al. 2003 Sheffield et al. , 2004 Sheffield et al. , 2008 . The year of collection had a slight but significant positive effect (R 2 = 3.5) on COI sequence length (F 1,604 = 22.21; P < 0.01); a greater proportion of specimens collected prior to 2004 had variable sequence lengths compared to those collected beyond 2004, although median values for all years were above 600 bp (Fig. 2) . The relationship between sequence length and age of specimen at the time of DNA extraction was not significant (F 1,604 < 0.1; P = 0.95). COI-5' sequences were obtained for specimens from all 29 genera reported in the province (Sheffield et al. 2003 (Sheffield et al. , 2004 (Sheffield et al. , 2008 , and were easily aligned as there were no insertion or deletion events. Translations confirmed that all of the sequences were free of nonsense and stop codons as would be expected if they were derived from the amplification of COI rather than a nuclear pseudogene (Bensasson et al. 2001) .
Most of the species had a unique COI sequence; very few were shared between species; details of the exceptions are indicated below (and see Table 1 ). Each of the COI sequences exceeding 400 bp in the species represented by two or more individuals was either identical, or most closely related to a sequence from another individual of the same species (Table 1; Fig. 3 ). The strength of this association reflected the fact that COI sequence divergences were ordinarily far lower among individuals of a species than between closely related species; intraspecific distances averaged 0.48 ± 0.05% (SE) [max = 11.11%, within the Hylaeus affinis (Smith)/H. modestus Say complex discussed below], while species pairs in the same genus showed an average sequence divergence of 13.32 ± 0.053% (SE), approximately 27 times higher. Species in different genera always showed marked differentiation with an average of 19.87 ± 0.026% (SE) divergence and a range from 11.52 to 32.51%.
Although this study primarily sought to evaluate the effectiveness of DNA barcoding for bee species recognition, an NJ tree based on sequence divergences recovered cohesive assemblages of genera and families (Fig. 3) ; this conclusion was supported by nearest-neighbour analysis that revealed cohesion across taxonomic strata; in the 18 genera with more than one species, 100% of the species paired most closely with another member of their genus. A similar pattern of association was apparent in families with more than one genus, as 99.3% of the genera paired most closely with another genus in their family, the exception being Perdita octomaculata (Say) (Andrenidae, Panurginae) which paired with the cleptoparasitic genus Nomada (Apidae) ( Table 1) .
Four species (i.e. two pairs) shared COI sequences, but each species was known from only the male or female sex. Thus, DNA barcoding associated two groups of previously unpublished conspecifics accurately. Nomada inepta Mitchell, described only from the female, showed very low divergence in COI sequences [mean = 0.042% ± 0.036% (SE); max 0.168%; n = 5] to Nomada gracilis Cresson, which is known only from the male (Table 1; Fig. 3) . Similarly, Sphecodes carolinus Mitchell (female) and S. coronus Mitchell (male) showed low sequence divergence [mean = 0.266 ± 0.087% (SE); max 0.481%; n = 6] (Table 1; Fig. 3 ), confirming an unpublished sex association (M. Arduser, personal communication). DNA barcoding indicated the possible presence of a third (undescribed) species of Ceratina (Apidae: Xylocopinae) in Nova Scotia (Fig. 3 , as 'Ceratina sp.') which would key out to C. dupla Say in Mitchell (1962) , Daly (1973) and Rehan & Richards (2008) ; these species showed low levels of divergence (Table 1; Fig. 3) . Similarly, Andrena miserabilis Cresson, the sole Nearctic member of the subgenus Larandrena LaBerge (Ribble 1967; Michener 2007) , appears to have a morphologically similar (i.e. indistinguishable) and closely related (mean = 5.907 ± 1.68% (SE); max 8.903%; n = 4) sister species (Fig. 3) .
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Among the bumble bees, Bombus ternarius Say showed particularly high levels of sequence divergence (mean = 2.237 ± 0.515% (SE); max 4.592%; n = 6), separating into two distinct clusters. Bombus impatiens Cresson also showed divergence, [mean = 2.406 ± 0.982% (SE); max 3.618%; n = 3], albeit entirely on the account of one individual.
Discussion
We are presently in the midst of a major biodiversity crisis, and loss of species continues to happen at an unprecedented rate (Wilson 1992; Novacek 2007; Chivian & Bernstein 2008) . Recognizing the need to conserve the Earth's biodiversity (in terms of both species and functional diversity, as per Maclaurin & Sterelny 2008) , and actually knowing how many species there are remains the major challenge to these efforts. Our estimates of the Earth's biota differ by at least one degree of magnitude, ranging from 10 million to upwards of 100 million species (Chivian & Bernstein 2008) . DNA barcoding offers great hope to understanding the extent of biodiversity, allowing rapid identification of previously studied species (Hebert et al. 2003a, b) , cryptic species (Janzen et al. 2005; Waugh 2007) , and assisting in the recognition of new 'genetically distinct' taxa (reviewed in Hajibabaei et al. 2007) , as was also demonstrated in the present study. DNA barcoding also provides a simple and accurate way to associate sexes in insects, many of which are dimorphic and may presently be described as separate species, as demonstrated in this study and elsewhere (Janzen et al. 2005) . Mound (1998) suggested that even in well-studied insect groups, at least 25% of all recognized species names are subsequently placed into synonymy upon revisionary work. Accurate sex association certainly would contribute to this effort, which ultimately assists in generating accurate regional and global species lists.
Considering that most insect surveys in terrestrial systems, including those of bees, use sampling methods which capture adults, DNA barcoding facilitates linking studies of alpha diversity to those which investigate functional diversity (as per Tilman & Lehman 2001; Maclaurin & Sterelny 2008) , thus facilitating broader ecological knowledge (Mound 1998) . For instance, DNA barcoding allows immature life stages to be matched to adult specimens (Janzen et al. 2005; Köhler 2007 ). In the present context (i.e. Apoidea), DNA barcoding could facilitate associations of cleptoparasitic bees (and/or other nest associates) to respective host taxa within nests, which ultimately would provide valuable information for further studies of bee ecology (e.g. Wcislo 1981; Wcislo & Cane 1996) and phylogeny (e.g. Alexander 1991 Alexander , 1994 .
This study establishes two facts that jointly indicate the feasibility of assembling a comprehensive COI library for bees for species-level identification, the primary goal of the Bee-BOL campaign (http://www.bee-bol.org). First, this study confirms for the Apoidea that COI sequences can be recovered from a wide range of bee species through PCR amplification with a uniform primer set. Second, it reveals that sequences can be obtained from many dried bee specimens at least 8 years old, and curated museum collections can contribute material for analysis and/or building a COI library (L. Packer et al., in preparation) . The proportion of specimens that did not yield PCR material (Fig. 1) is undoubtedly a reflection of collection methods used; much of the material samples collected prior to 2004 (Fig. 2) were killed using ethyl acetate which is known to negatively affect DNA (Prendini et al. 2002 ). Subsequent (post-2004 killing methods used for bees (e.g. pan-trapping in salt water solution, cyanide, ethanol, propylene glycol) greatly enhanced successful amplification (Fig. 2) and are recommended (Dick et al. 1993; Dillon et al. 1996) . Fig. 3 Neighbour-joining tree for bees in Nova Scotia, Canada. Groups of species separated by small (< 2%) genetic divergence are indicated with a bracket and *; those which are believed to be associated males and females are indicated with **; species indicated with *** show high (> 2.2%) intraspecific genetic divergence and may contain undescribed taxa (see text for details). See Materials and methods for details on the tree-building algorithm.
Aside from demonstrating the recovery of COI sequences from diverse bee taxa, our results make clear that the resultant sequences are taxonomically informative. Species boundaries signalled by deep COI divergences are generally congruent with those established through classical taxonomic work within this regional fauna. Our results also establish that individuals of a species possess little variation with COI divergences averaging just 0.49%, a value slightly higher similar to those reported for lepidopterans (0.25%; Hebert et al. 2003a ) and birds (0.27%; Hebert et al. 2004) . Because of their elevated rates of mitochondrial evolution (Crozier et al. 1989) , we had expected higher intraspecific divergences in bees than in other insect groups. However, the COI divergences reported are probably higher than the actual values; our results were skewed primarily by the Hylaeus affinis/H. modestus complex, with 11.11% divergence among the members; in Nova Scotia, at least three species comprise this difficult complex (Fig. 3) . Additional morphological/molecular studies of eastern North American Hylaeus are currently ongoing (S. Droege, US Geological Survey, personal communication).
Higher-than-expected sequence divergence was also observed among Bombus ternarius specimens (Table 1 ; Fig. 3 ). Despite this species being among the easiest to identify in eastern Canada (Laverty & Harder 1988) , two distinct clusters were observed in Nova Scotia, a trend which was supported with the addition of material from across Canada (C.S. Sheffield, unpublished) . Additional divergences occurred among species within the genera Nomada and Sphecodes (Table 1; Fig. 3 ) which are notoriously difficult to identify accurately as many species are described from one sex (Mitchell 1960 (Mitchell , 1962 and show variable morphological characters (i.e. colour patterns, scutellum shape, punctation). These genera accounted for almost all of the remaining intraspecific sequence divergences; this is primarily a reflection of not being able to assign a species epithet accurately. Clearly, DNA barcoding has a tremendous amount to offer taxonomic studies of these common, yet poorly known cleptoparasites.
In addition to the success with the Nova Scotia bee fauna, prior studies of COI diversity in bees reinforce our conclusion that conspecific individuals normally show little variation, while congeneric species pairs typically show marked divergence; Pederson (1996) found no intraspecific variation in his study of COI diversity in 11 European species of Bombus. Similarly, a detailed study on Halictus rubicundus revealed less than 2.5% sequence divergence among individuals from widely separated locales in both North America and Europe (Soucy & Danforth 2002) . Although bee assemblages in some arid settings have several magnitudes more species than those in our study area (Michener 1979 (Michener , 2007 , we expect similar identification success for two reasons. First, DNA barcoding has proven very effective in distinguishing species in several hyperdiverse tropical insect assemblages (Smith et al. 2005; Hajibibaei et al. 2006) . Second, DNA barcodes diagnosed most of the bee species in our study area with particular clarity. Levels of sequence divergence between congeneric pairs were 27 times higher than intraspecific divergences (13.3% vs. 0.5%). Once again, we attribute this result to the high rates of mitochondrial DNA evolution in hymenopterans (Crozier et al. 1989; Hebert et al. 2003a) , suggesting that this rate acceleration derives from selective sweeps that lead to both the rapid accumulation of differences between species and to the erosion of variation within species. Because of its rapid sequence evolution, mitochondrial DNA has long been valued for its ability to resolve recent evolutionary events (reviewed in Avise 2000) . As such, the ability of COI to discriminate closely allied species comes as little surprise.
The ability of COI-based systems to provide a tentative taxonomic placement for cryptic (Carman & Packer 1996; Danforth et al. 1998) or newly encountered (i.e. genetically distinct) species is important because it aids their referral to the appropriate taxonomic specialist (Hajibabaei et al. 2007) . In the present study, DNA barcoding revealed an undescribed species of Ceratina within Nova Scotia. Only five species of Ceratina are known from eastern North America (Mitchell 1962; Daly 1973) , and the females of the two most common (C. dupla and C. calcarata) are thought to be indistinguishable using traditional morphology (Daly 1973) , although recent combined molecular/morphological studies of these two species have clarified this (Rehan & Richards 2008) . Using molecular techniques (i.e. DNA barcoding) as a guide, consistent morphological characters have now been found to separate males of all the species in eastern North America (S. Rehan and C. Sheffield, in preparation) .
This study contributes to a growing body of work that demonstrates the effectiveness of DNA barcodes in species identifications for members of the phylum Arthropoda. The approach has now gained preliminary validation in all major lineages of arthropods including spiders (Barrett & Hebert 2005) , crustaceans (Witt et al. 2006) , collembolans (Hogg & Hebert 2004 ) and other insects (Janzen et al. 2005) . The current results extend prior barcoding investigations on insects by establishing its effectiveness in a group with an unusually high rate of mitochondrial evolution. Moreover, because of the limited intraspecific variation (even among individuals from widely separated locales), an effective identification system can be created by analysing just a few specimens of each species. Collectively, these results establish that identification systems based on COI will regularly provide species-level resolution. However, Schaefer & Renner (2008) suggest caution against a potential problem with pseudogenes in COI in bees (observed in their study of Ctenoplectrini), and comment on the importance of screening COI when used for barcoding purposes.
While the potential constraints of DNA-based identification systems have been discussed in detail, there has been less consideration of the new opportunities that will arise from their development. In the case of bees, the ability to identify all life stages and to associate individuals of different sex represents an important extension of existing identification capabilities. The assembly of a barcode library for the bees of the world will not only provide insights into the origins and extent of bee diversity, but it will create a new tool for both routine and challenging identifications.
